Abstract -An attempt is made for simultaneous measurements of velocity and pressure in threedimensional turbulent flows by means of a miniature pressure probe combined with a triple hot-film anemometer. A turbulent wing-tip vortex is chosen for the test case because of the strong fluctuation of velocity and pressure near its core region. Measurements are undertaken in the near field. The static pressure fluctuation and the velocity-pressure correlation are experimentally investigated. Although they showed distribution that is consistent with those in previous reports, the influence of probe interference needs be substantially reduced.
Introduction
The simultaneous measurement of velocity and pressure is still an important challenge in experimental studies of turbulent flows. For example, experimental data of correlation between fluctuating velocity and pressure are still missing despite its importance in RANS turbulence modeling. Although it is well recognized that the pressure-diffusion term plays a significant role in some cases [1, 2] , it is prevented from being modeled successfully partly due to the lack of experimental data.
Recently, applications of a miniature Pitot tube originally developed by Toyoda et al. [3] to measurements of the pressure fluctuation were reported [4, 5] . Naka et al. [6] combined an X-type hot-wire probe and the miniature Pitot tube and performed simultaneous measurements of velocity and the fluctuating static pressure in a turbulent mixing layer, and the measured velocity-pressure correlation distribution showed good agreement with DNS data. Naka and Obi [7] improved the spatial resolution of the technique by proposing a method in which a miniature total pressure probe is combined with an X-type hot-wire probe; the static pressure fluctuation is evaluated from velocity and the total pressure fluctuation. This technique was applied to complex shear flows and the velocity-pressure correlation measured in a turbulent mixing layer showed good agreement with that measured by the combination of X-type hotwire probe and the static pressure probe, though the applicability to three dimensional turbulent flows is to be improved.
In the present study, the technique proposed by Naka and Obi [7] is extended to capture three velocity components by application of a triple hot-film probe with a bent-type total pressure probe. For the test case, a wing-tip vortex is chosen because of the strong fluctuation of velocity and pressure near the core region resulting from its large-scale vortex motion. Although many researches were reported on wing-tip vortices in the past [8, 10, 9] , experimental data of velocity-pressure correlation are still few. The simultaneous measurements of three components of the velocity and pressure are performed in the near field of a wing-tip vortex and the distribution of the velocity-pressure correlation is evaluated.
Experiments

Instruments
A commercial triple hot-film probe (THF-probe, Dantec-55R91) and a constant temperature anemometer (CTA, Kanomax 1011) were used for the velocity measurement. A bent-type total pressure probe (TP-probe) shown in Fig. 1 was used for the measurement of the fluctuating total pressure. It consisted of a thin pipe with outer-and inner-diameters of 0.5 mm and 0.4 mm, respectively, and a joint-screw part. The pipe was bent by radius of 3 mm, and the tip was rounded in order to minimize the flow disturbance and to maintain the yaw angle performance. The TP-probe was screwed to a condenser microphone (RION UC-29). The signal from the CTA and the condenser microphone was acquired by a 16-bit A/D converter board (NI PCI-6030E) mounted on a PC after low-pass filter.
Arrangement of TP-probe and THF-probe
In order to achieve the simultaneous measurement of the pressure and velocity, the tip of the TPprobe was placed inside of the measurement volume of the THF-probe as schematically shown T.Kawata et al. in Fig. 2 . Each film had sensitivity length of 1.25 mm (the whole length was 3 mm) and those sensors were perpendicular with each other; hence, the spatial resolution was approximated by a sphere of 1.3 mm diameter. The tip of the TP-probe was aligned to the axis of the THF-probe, and the distance between the tip of the TP-probe and the center of the measurement volume of the THF-probe, ∆x, was determined by investigation of the interference between the probes as described in the next paragraph.
The interference between the TP-probe and the THF-probe was experimentally investigated. The combined probe was mounted in a uniform flow, and the streamwise velocity was measured with various distance ∆x. Fig. 3 shows the measured streamwise velocity for different values of ∆x. The plots show the measured data and the broken line indicates the cubic interpolation. The reference data taken without the TP-probe inside the THF-probe are indicated by the dot line. As shown, the measured streamwise velocity are larger value than reference data at ∆x = 0 and decreases as ∆x increases, and the broken line crosses the reference value near ∆x = 0.2 mm; hence, ∆x was determined to be 0.2 mm. The spatial resolution of the combined probe is therefore identical to that of the THF-probe.
In this arrangement, the three velocity components and the fluctuating total pressure were measured simultaneously, and the static pressure fluctuation p s was calculated using the following formula [7] :
where p t is the total pressure fluctuation, and u and U are the streamwise velocity. ρ is the density of the air. The upper-and the lower-cases indicate the mean and the fluctuating quantities.
Calibration 2.3.1. Calibration of TP-probe
The resonance and viscosity of the air inside the pipe of the TP-probe cause amplification and phase delay of the pressure fluctuation. Besides, the flow angle varies in a wide range in a wing-tip vortex; hence, the sensitivity of the TP-probe to the flow angle needs to be taken into account. Such characteristics of the TP-probe were investigated prior to the flow measurements. First, the frequency response of the TP-probe was explored by the measurement of the sound signal generated by a loud speaker (YAMAHA HS80M). Two condenser microphones (one was with the TP-probe and the other without the TP-probe) were mounted in front of the loud speaker placed in an anechoic box. The loudspeaker generated sound signal of the frequency ranging from 40 Hz to 10 kHz, and the sound signal was measured simultaneously by the two condenser microphones. The amplitude ratio and the phase delay are shown in Fig. 4 . The blue stars indicate the measured data. The pressure fluctuation through the TP-probe is amplified near 500 Hz, and it is damped in higher frequency range. The phase delay is clearly observed in frequency range higher than 200 Hz. In order to compensate such frequency response, the oscillating air inside the pipe was modeled as the forced damping oscillation system, and the frequency response was approximated to the solution of the nondimensionalized equation of motion as the following expression;
where A and φ are the amplitude ratio and the phase delay, respectively, and f , f 0 and ζ are the frequency of the sound signal, resonance frequency of the air inside the pipe, and the damping ratio. The optimal f 0 and ζ giving the best fit to the data were sought by fitting to the data in Fig. 4 by using "fminsearch" function available in MATLAB R ⃝ . The amplitude ratio and the phase delay calculated by Eqs. (2) and (3) are indicated by the red lines in Fig. 4 . The amplitude and the phase of the pressure fluctuation were corrected using these equations.
The flow angle effect was assumed to be similar to that of the straight pipe case that was already investigated in our previous work [7] .
Calibration of THF-probe
A look-up-table method was used to convert the output signal of CTA to velocity data. For the calibration, the THF-probe was mounted in a uniform flow at a constant velocityŨ , and the output signal from the three sensors, E 1 , E 2 and E 3 , were recorded as a function of the yawand rotation-angles of the probe. These angles represent the difference between two coordinate systems as illustrated in Fig. 5 where the global coordinate system xyz is fixed to the laboratory while the probe coordinate system x ′ y ′ z ′ is fixed to the probe. By introducing the relationship between the free stream velocityŨ and the velocity components u, v, and w, which are defined on the probe coordinate system,
one can determine the direction of measured velocity with respect to the prove coordinate system from the relationship between ϕ, θ and E 1 , E 2 , and E 3 . The datasets for calibration were obtained for variousŨ , ϕ, and θ. They were varied for the ranges 2.5 m/s ≤Ũ ≤ 10.2 m/s (9 points), 0
• (31 points), yielding in total 2232 combinations of u, v, w, E 1 , E 2 and E 3 , to establish the look-up-tables. They are schematically presented in Figs. 6 to 8.
Data Processing
As for the pressure signal, the frequency response of the TP-probe was compensated by Eqs. (2) and (3). In addition, the background noise of the free stream was reduced by the optimal filtering scheme proposed by Naguib et al. [11] . The secondary TP-probe that was mounted outside the shear layer monitored the background noise, and the signal from the secondary probe was used for determining the filter coefficients.
The use of Eq. (1) requires the frequency response of the velocity and pressure signal to be identical. The condenser microphone does not have a flat response in frequencies lower than 20 Hz, and as shown in Fig. 4 the pressure fluctuation in frequencies higher than 1 kHz is attenuated. In order to adjust the frequency characteristics of the total pressure and the velocity, the both signals were band-pass filtered with passing frequency from 20 Hz to 600 Hz before applying Eq. (1). For this procedure, MATLAB R ⃝ function "filtfilt" was used. In the following section, the filtered signal was used only for calculation of the static pressure fluctuation by Eq. (1), and the velocity statistics were calculated from unfiltered signal.
Furthermore, it should be mentioned that the electric circuit of the condenser microphone causes the phase delay on the pressure signal. This was already investigated in the previous study [6] , and was compensated here in the post-processing procedure.
Test Section
The schematic of the experimental set-up is shown in Fig. 9 . Experiments were undertaken in an open blowing wind tunnel with 350 mm × 350 mm cross-section. The mean velocity and turbulence intensity of the free stream were 10.2 m/s and 0.6 %, respectively. A NACA0012 wing model with the chord length of c = 250 mm and semi-span length of b/2 = 300 mm was mounted immediately behind the exit of the wind tunnel and the angle of attack α was fixed to 10
• . The Reynolds number based on the chord length and the free steam velocity was Re c = U ∞ c/ν = 1.7 × 10 5 . The Cartesian coordinate system was defined at the end of the trailing edge, and x−, y− and z− axes were taken in streamwise, transverse and spanwise directions. All measurements were performed at x = 1c, and the probe was traversed over the 24 mm × 24 mm square region with 1.2 mm increments in both y− and z− directions, providing 441 measurement points. The sampling rate and the cut-off frequency of the lowpass filter were 10 kHz and 2 kHz, respectively, and the sampling time was 30 seconds at each point.
Results
Velocity measurements
The contour values indicate the magnitude of streamwise velocity normalized by the free stream velocity U ∞ , and the arrows present the cross-flow velocity. In the case without the TP-probe, Fig. 10(a) , the mean streamwise velocity reaches the minimum, approximately 0.8 U ∞ , and its Fig. 10(b) , reaches the minimum, that is lower than the former case, and it is off-set from the vortex center. It is also noted that the contour shape is significantly skewed. The distributions of the absolute value of the velocity vector ( √ U 2 + V 2 + W 2 ) presented in Fig. 11 do not show such discrepancy; the contours are almost circular in shapes in the both cases, and the minimum locations coincide with the vortex center indicated by the cross-flow vector pattern. The cross-flow measured with the TPprobe illustrated in Fig. 12(b) shows larger value than the case without the TP-probe in the region where the streamwise velocity takes the minimum. This indicates that the interference of the TP-probe contaminates mainly the directional sensitivity of the THF-probe in the velocity measurements. Figure 13 shows the Reynolds stress distributions scaled by U 2 ∞ . The results measured without the TP-probe, Fig. 13(a) , present the characteristics of a wing-tip vortex, which has already been pointed out in the previous work [9] : The transverse and spanwise normal stresses, v 2 and w 2 , are by nearly one order of magnitude larger than the streamwise normal stress u 2 , and the shear stress vw indicates a symmetrical distribution about the center of the vortex. On the other hand, the normal stresses measured with the TP-probe show substantially smaller values, and components related to u and w, i.e. u 2 , w 2 and uw, increase in the area corresponding to the place where the mean streamwise velocity takes minimum. Such discrepancy is also likely due to the interference by the TP-probe. Figure 14 presents the distribution of the pressure fluctuation in root-mean-square, p ′ , scaled by 0.5ρU 2 ∞ , which was measured by different pressure probes. The result in Fig 14(a) was measured by the static pressure probe (SP-probe), whose reliability was confirmed in a simple shear layer [6] , while tendency, but it is obviously larger in the region where the u 2 and w 2 show the significant increase. The discrepancy between the distributions of pressure fluctuation is attributed to the fact that the streamwise velocity measurement is contaminated by the probe interference as mentioned previously. As indicated by Eq. (1), inaccurate measurements of the streamwise velocity lead to an inaccurate estimation of the static pressure fluctuation. straight-type total pressure probe and the X-type hot-wire probe in the previous work [7] . The both distributions show consistent pattern. However, similar to the case of the pressure fluctuation and the Reynolds stress distribution, the velocity-pressure correlation, especially up and wp, significantly increase in the region corresponding to the place where the Reynolds stresses and pressure fluctuation increase. Such distribution of the velocity-pressure correlation results from the aforementioned inaccurate distributions of u 2 , w 2 and p ′ . The inaccuracy in the streamwise velocity measurements results from the fact that the THFprobe is unfavorably sensitive to existence of the TP-probe. To avoid the probe interference, the effect of existence of the TP-probe inside of the THF-probe should be taken into account in the calibration of the THF-probe, e.g., by conducting the calibration with the TP-probe placed inside the THF-probe.
Pressure measurements
Velocity-pressure correlation measurements
Conclusion
The simultaneous measurement of three velocity components and pressure was performed in a wing-tip vortex. The pressure fluctuation and the velocity-pressure correlation show the consistent distribution with the earlier reports. However, the velocity measurement was found to be unfavorably sensitive to existence of the TP-probe inside its measurement volume. To overcome this problem, the calibration procedure of the THF-probe should be improved so that the influence of the TP-probe is directly taken into account. : Velocity-pressure correlation distribution: (a) measured by THF-probe and TPprobe, (b) meausred by X-type hot-wire probe and straight type total pressure probe in the previous work [7] .
